). During hypocotyl growth the angles of MTs beneath the reported to have cortical microtubules that wind around the cell in left-handed helices and vice versa outer epidermal walls were measured at 4 DAG, before the onset of twisting, and at 7 DAG, when twisting was [1-3]. Microtubular involvement is further suspected from the finding that some helical mutants are caused apparent. Measurements were made relative to the long axis of the cell (Experimental Procedures). MTs perpenby single amino acid substitutions in ␣-tubulin and because of the sensitivity of the growth pattern to antidicular to that axis were categorized as transverse; values less than this had left-handed orientations, whereas microtubule drugs. Insight into the roles of microtubules in organ elongation is anticipated from analyses larger values were classed as right handed. In the wildtype, it will be seen from Figure 1F that MT orientations of genes defined by helical mutations [4]. We investigated the helical growth of the Arabidopsis mutant of similar frequencies were spread over a broad range at 4 DAG (approximately from 50Њ to 130Њ), with MTs tortifolia1/spiral2 (tor1/spr2), which twists in a righthanded manner, and found that this correlates with a forming transverse as well as left-handed and righthanded helices. By 7 DAG this had evolved into a bicomplex reorientation of cortical microtubules. TOR1 was identified by a map-based approach; analysis of modal distribution, with more clearly resolved populations of left-and right-handed arrays ( Figure 1H ). This the TOR1 protein showed that it is a member of a novel family of plant-specific proteins containing N-terminal variability of array orientation is typical for aerial organs and has been reported for a variety of species [7-9]; it HEAT repeats. Recombinant TOR1 colocalizes with differs from the uniformity of the transverse MT arrays cortical microtubules in planta and binds directly to observed in the elongation zone of Arabidopsis roots microtubules in vitro. This shows that TOR1 is a novel, 
. In order to study the distribution of TOR1-GFP during the cell cycle, we transformed tobacco BY-2 suspension cells. TOR1-GFP labels the four-plant MT arrays (Figures 4D-4G) . However, because only the decoration of the cortical MTs ( Figures 4A and 4D ) is relevant to the tor1 phenotype, which is expressed during the elongation phase of G1, it is not clear that these other labeling patterns are indicative of a function for TOR1 during cell division. Other recently discovered plant MAPs have been found to be related to those in other eukaryotes; MAP65 is related to PRC1 of metazoa (and yeast Ase1p, [30] ), the REP search algorithm [23] . Sequences from individwhereas MOR1 is related to the ch-TOG/XMAP215 famual TOR1 family members do not yield above-threshold ily [31, 32] . However, simple BLAST searches with the values when they are analyzed with this program. How-TOR1 sequence do not reveal significant matches with ever, significant matches were obtained after consensus proteins of known function. All obvious TOR1 homologs sequences (generated by BlockMaker [24] ) from the are plant sequences; the nearest hypothetical, non-plant TOR1 family were applied to the REP search algorithm.
In principle, decoration of cortical microtubules by TOR1-GFP in vivo could be direct or indirect via another protein. To address this question, we expressed TOR1-His in a yeast expression system and performed pulldowns with taxol-stabilized MTs over a sucrose cushion.
relative was found in Dictyostelium discoideum (AA050914) Comparing the REP outputs for consensus sequences but had a BLAST E-value of only 1e Ϫ04 . It would therefore with the output for the simple TOR1 sequence enabled appear that TOR1 is a plant-specific microtubule-assous to detect at least five consecutive HEAT repeats in ciated protein, which is consistent with its role in regulatthe TOR1 N-terminal region. We used the same method ing the plant cell's characteristic cortical MT array. to detect HEAT repeats in the other TOR1 family mem-TOR1, in the wild-type, is evidently responsible for mainbers ( Figure 3A) . taining straight growth, which in the hypocotyls is assoTwo other regions of elevated conservation are found ciated with a mixture of left-and right-handed MT heliin the TOR1 protein as compared to the Arabidopsis ces. In the mutant, left-handed MT arrays predominate, and so the function of TOR1 would seem to suppress family members (Figures 2D and 3B) . One of these, the (Table S1) .
[ 33 P]dATP, hybridizations were carried out with formamide. Signals were detected with the FLA-3000 phosphoimager (Fuji). For allelism tests (mutants tor1-1 to tor1-8) mutants were crossed, and segregation of phenotypes was followed up to the F2 generaFor analysis of the TOR1 5Ј end by 5Ј RACE, the TOR1-specific oligonucleotide 5Ј-AAAGCTTTTGGAAAGAAGTAACTGG-3Ј was used tion. These tor1 mutations are inherited as recessive traits. Insertional mutants of At4g27060 (TOR1) identified in the SALK collection for priming the reverse transcriptase reaction (Gibco BRL). 
